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Abstract
Unesterified fatty acids were measured in mouse erythrocytes infected either with chloroquine-susceptible (CS) or with
chloroquine-resistant (CR) lines of Plasmodium berghei. This work was undertaken to identify candidates for the lipid
involved in ferriprotoporphyrin IX (FP) polymerization. Linoleic, oleic, palmitic, and stearic acids were quantified by gas
chromatography/mass spectrometry. In total, they increased 4-fold with CS infections and 6-fold with CR infections.
Treating infected mice with chloroquine did not affect the amounts of unesterified fatty acids in erythrocytes. Of the four
fatty acids, only linoleic acid increased disproportionately to the total. It increased 16-fold for the CS line and 35-fold for the
CR line. The method could detect monoglycerides but they were below the limit of detection. It could not detect diglycerides,
triglycerides or phospholipids. Triglycerides and phospholipids have been tested previously, however, and found to be
ineffective at promoting FP polymerization. Therefore, other than linoleic acid, the lipids most likely to be involved in FP
polymerization are diglycerides. We tested dilinoleolyglycerol in the present work and found it to be an effective promoter of
FP polymerization. These results suggest that linoleic acid or a diglyceride containing it has the critical role of promoting FP
polymerization in malaria parasites. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Certain unsaturated lipids co-precipitate with fer-
riprotoporphyrin IX (FP) at pH 5 and promote its
polymerization to a less toxic substance, L-hematin
[1]. This process closely mimics FP polymerization in
cell-free preparations of mouse erythrocytes infected
with Plasmodium berghei [1]. Therefore, we suggested
that P. berghei parasites employ an unsaturated lipid
to polymerize FP for sequestration in hemozoin [1].
The responsible lipid remains to be identi¢ed. Based
on previous studies, the most likely candidates are
unesteri¢ed linoleic and oleic acids and their mono-
and diglycerides [1^3].
When various species of malaria parasites infect
erythrocytes, the major classes of lipids increase in
amount and may become enriched with certain un-
saturated fatty acids, especially linoleic and oleic
acids [2^11]. By contrast, the proportion of arachi-
donic acid in total lipids typically decreases [2,3,5,8].
The most consistently reported change is a dispro-
portionate enrichment of total lipids with linoleic
acid. While it is reasonable to assume that changes
in the fatty acid composition of total lipids re£ect
changes in precursor pools of fatty acids, there
have been few measurements of individual unesteri-
¢ed fatty acids in infected erythrocytes. Data are
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available only for simian erythrocytes infected with
P. knowlesi [3] and duck erythrocytes infected with
P. lophurae [2]. In both cases, linoleic acid was dis-
proportionately increased relative to arachidonic,
oleic, palmitic, and stearic acids. There are no pre-
vious comparisons of the contents of individual un-
esteri¢ed fatty acids in infected and uninfected eryth-
rocytes in rodent malarias.
In the present experiments, we measured unesteri-
¢ed fatty acids in mouse erythrocytes infected with
P. berghei, and we asked whether chloroquine treat-
ment a¡ects them. We asked this question because
chloroquine induces a loss of approximately 90% of
the FP polymerizing activity in erythrocytes infected
with chloroquine-susceptible (CS) P. berghei [12,13].
2. Materials and methods
Erythrocytes were obtained from uninfected mice
or from mice infected with the NYU-2 strain of
P. berghei. Two lines of this strain were available,
one of which is chloroquine resistant (CR). The char-
acteristics of the parasites and the care and handling
of the mice have been described previously [14]. Both
lines produce asynchronous infections. The CS line
infects erythrocytes of all ages and the CR line is
con¢ned to reticulocytes. Blood was obtained from
an axillary incision while the mice were anesthetized
with ether, and the erythrocytes were collected by
centrifugation and washed twice with an isotonic me-
dium [12] to remove the plasma and as much as
possible of the bu¡y coat, resuspended in the same
medium to achieve a hematocrit of approximately
25%, and used for measurement of unesteri¢ed fatty
acids by gas chromatography/mass spectrometry [15].
After measuring the hematocrit, 400 Wl of a sus-
pension of washed erythrocytes were mixed with 100
nmol of [13C]oleic acid (99 atom% 13C in each of the
18 positions; lot no. M0053-3 from Isotec, Miamis-
burg, OH), 20 Wl of triethylammonium tri£uoroace-
tate, and su⁄cient acetonitrile to increase the volume
to 2 ml. Triethylamine tri£uoroacetate, a pH-neutral
liquid salt, was used to solubilize and to avoid hy-
drolysis of lipids during dehydration of the mixture.
The mixture was dried under a stream of nitrogen at
70‡C, and the residue was resuspended in acetonitrile
twice more and evaporated to dryness under nitrogen
both times. The residue next was resuspended twice
in 2 ml of methylene chloride and evaporated to dry-
ness under nitrogen both times. Then 150 Wl of N-
methyl-N-trimethylsilyltri£uoroacetamide was added,
and the vial was purged with nitrogen, capped under
Te£on, and re£uxed at 70‡C for 1 h. Finally, 1-Wl
samples of the liquid phase were injected onto a
30 m DB-5 capillary column in a VG Trio 2 gas
chromatograph/mass spectrometer. The conditions
were 1 min at 80‡C, 2‡C/min to 130‡C, 3‡C/min to
200‡C, then 6‡C/min to 285‡C where the temperature
was maintained for 10 min. The carrier gas was he-
lium, £owing at 2 ml per min. A solvent delay of
3.5 min preceded mass spectrum acquisition. The
scan time was 1.95 s with interscan time of 0.05 s
over the mass range of 50^650 Da.
Linoleic, oleic, palmitic, and stearic acids were
quanti¢ed by comparing the areas of the elution of
single ions speci¢c to each of them to the area of m/z
357 obtained from authentic standards of [13C]oleic
acid. Small amounts of arachidonic acid were present
in the samples but not consistently quanti¢able.
Monoglycerides were below the limit of detection
of 0.5 nmol/ml of packed erythrocytes. The method
did not allow detection of diglycerides, triglycerides,
or phospholipids.
The organic solvents used in these experiments
were purchased from Fisher Scienti¢c, Pittsburgh,
PA and the other reagents were purchased from Sig-
ma, St. Louis, MO.
3. Results
Palmitic, oleic, stearic, and linoleic acids were in-
creased signi¢cantly (P6 0.05 by t-test) in erythro-
cytes infected with either line of parasites. In total,
they increased approximately 4-fold in erythrocytes
infected with P. berghei CS and approximately 6-fold
in erythrocytes infected with P. berghei CR (Table 1).
Treating the mice with chloroquine before collecting
infected erythrocytes had no e¡ect on the content of
any of the four unesteri¢ed fatty acids (Table 1).
Therefore, the data for treated and untreated mice,
which are shown separately in Table 1, were com-
bined for comparisons of CR to CS parasites. The
increases in unesteri¢ed fatty acids were signi¢cantly
greater (P6 0.05 by t-test) in erythrocytes infected
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with CR parasites in every instance, except for oleic
acid. These di¡erences may be related to the fact that
CR parasites are con¢ned to reticulocytes. Despite
the present ¢nding of ample unsaturated, unesteri¢ed
fatty acids, it is of interest that CR parasites do not
polymerize FP and do not accumulate hemozoin in
vivo. Cell-free preparations of CR parasites polymer-
ize FP in vitro, however [16]. The failure to polymer-
ize FP in vivo probably is due to lack of hemoglobin
digestion. Thus, these parasites have no FP to poly-
merize in vivo [16].
Of the four fatty acids, only linoleic acid increased
disproportionately to the total increase in unesteri-
¢ed fatty acids. Compared to uninfected erythro-
cytes, linoleic acid increased 16-fold in erythrocytes
infected with P. berghei CS and 35-fold in erythro-
cytes infected with P. berghei CR. These increases are
of the same order of magnitude as the increase ob-
served in simian erythrocytes infected with P. knowl-
esi [3]. Like P. berghei CS, P. knowlesi infects mature
erythrocytes and is susceptible to treatment with
chloroquine.
Phospholipids were not measured in the present
experiments, but they have previously been found
to increase approximately 3-fold in rat erythrocytes
infected with P. berghei [10]. In simian erythrocytes
infected with P. knowlesi, phospholipids increase ap-
proximately 8-fold [3].
4. Discussion
An increase in the total amount of unesteri¢ed
fatty acids, with a disproportionate increase in lino-
leic acid, is a common feature of erythrocytes in-
fected with malaria parasites. Including the present
report, data are now available for various species
infecting avian [2], primate [3], and rodent hosts
[17]. Since malaria parasites apparently lack the ca-
pacity to synthesize fatty acids [4,5], an expanded
pool in the infected erythrocyte presumably supplies
the building blocks for the synthesis of the other
classes of lipids needed for parasite survival. In ad-
dition, one or more unesteri¢ed fatty acid may have
a special role, such as promoting FP polymerization.
For example, linoleic acid is a candidate for a special
role because of its disproportionate increase. It is
possible that linoleic acid either promotes FP poly-
merization itself or serves as a building block for
another lipid, which in turn promotes FP polymeri-
zation. In this regard, it should be noted that trigly-
cerides and phospholipids are increased in erythro-
cytes infected with malaria parasites, but they are
ine¡ective at promoting FP polymerization [1].
In contrast to triglycerides and phospholipids, di-
glycerides containing oleic acid e¡ectively promote
FP polymerization [1]. Although we did not measure
diglycerides in the present work, it is known that
diglycerides containing linoleic acid are greatly in-
creased in simian erythrocytes infected with
P. knowlesi [3] ; and, with regard to lipid composi-
tion, P. berghei apparently is similar to P. knowlesi.
Therefore, we conducted preliminary tests of the
ability of 1,3-dilinoleoylglycerol to promote FP poly-
merization. This diglyceride was purchased from
Sigma and tested as previously described [1]. During
a 2-h incubation at 37‡C with a suspension of
250 nmol of dilinoleoylglycerol per ml of incubation
Table 1
Unesteri¢ed fatty acids in mouse erythrocytes infected with P. berghei
Parasite Treatment Palmitic Stearic Oleic Linoleic
None None 161 þ 19 (6)a 35 þ 9 (6) 73 þ 22 (6) 6 þ 2 (6)
CS None 612 þ 110 (5) 118 þ 30 (5) 211 þ 71 (5) 96 þ 36 (5)
CS Chloroquineb 651 þ 76 (5) 130 þ 23 (5) 224 þ 62 (5) 96 þ 21 (5)
CR None 830 þ 65 (5) 256 þ 39 (5) 260 þ 34 (5) 211 þ 44 (5)
CR Chloroquine 825 þ 103 (5) 255 þ 55 (5) 259 þ 48 (5) 212 þ 58 (5)
aNmol per ml packed erythrocytes; means þ standard errors and number of separate experiments are shown. For infected erythrocytes,
the data were normalized to represent a parasitemia of 1000 parasites per 1000 erythrocytes. The actual parasitemias varied from 1314
to 1951 for P. berghei CS and from 384 to 721 for P. berghei CR.
bWhen the mice were treated with chloroquine, they each received 3 Wmol of chloroquine intraperitoneally 6 h before erythrocytes
were collected for study. The mice weighed approximately 25 g each.
BBADIS 61995 29-11-00
C.D. Fitch et al. / Biochimica et Biophysica Acta 1535 (2000) 45^49 47
medium, 47 þ 6 nmol of FP (mean þ S.E. for four
separate experiments) were polymerized per ml of
incubation medium. Coincidentally, the same
amount of dioleoylglycerol was previously shown to
promote the polymerization of 47 nmol of FP under
the same conditions [1]. In that earlier study, unes-
teri¢ed linoleic acid promoted the polymerization of
25 nmol of FP under the same conditions [1]. Based
on these observations, both linoleic acid and dilino-
leoylglycerol should be considered likely candidates
for the lipid in malaria parasites that promotes FP
polymerization.
Since exogenous unsaturated, unesteri¢ed fatty
acids are toxic to malaria parasites [18^20], how do
malaria parasites protect themselves from their ex-
panded endogenous pool of these fatty acids? One
possibility is sequestration in the acidic food vacuoles
where FP is released from hemoglobin and polymer-
ized for storage in hemozoin. In this location, the
unsaturated lipid would be available to rapidly co-
precipitate with FP. The insolubility of this precipi-
tate would then render both the FP and the unsatu-
rated lipid nontoxic while FP polymerization pro-
ceeds. To account for the lack of toxicity from the
unsaturated lipid when not co-precipitated with FP,
we suggest that it is bound to some substance in the
food vacuoles. Such a binding substance has been
proposed previously [1].
If there is a lipid binding substance in food vacu-
oles, it may regulate the parasite’s ability to polymer-
ize FP and may be involved in the mode of action of
chloroquine. Thus, the chloroquine-induced loss of
ability to polymerize FP could be due to a change
in the amount or a⁄nity of a lipid binding substance
rather than to a reduction in the absolute amount of
an unesteri¢ed fatty acid or other lipid. This possi-
bility is consistent with an earlier hypothesis that
chloroquine treatment ‘‘Tinitiates a chain of events
which culminate in increased production, accessibil-
ity, or reactivity of a regulator (inactivator)T’’ of FP
polymerizing activity [16]. A logical candidate for
this regulator would be the putative lipid binding
substance in food vacuoles. It is important now to
discover and characterize the lipid binding substan-
ces of malaria parasites.
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